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Abstract 
INVESTIGATION OF THE EFFECT OF AN R134a1POL YOL ESTER MIXTURE ON 
VOID FRACTION AND PRESSURE DROP IN HORIZONTAL TUBE 
EV APORA TORS 
Sangeet Gupta 
Department of Mechanical and Industrial Engineering 
University of Illinois at Urbana-Champaign, 2000 
Ty Newell and John C. Chato, Advisors 
Void fraction, pressure drop, and oil holdup measurements were taken for smooth, 
axially grooved, and 18° helically grooved horizontal tubes in evaporation. All three 
copper test sections had an outer diameter of9.53 mm (3/8"). R134a was used in this 
experiment in combination with ICI's EMKARATE RL32S Polyol Ester (POE) oil. Data 
was taken at various operating conditions with mass fluxes ranging from 75 to 500 
kg/m2s (55 - 367 klbm/ft2hr), test section inlet qualities of 10 to 70%, test section heat 
fluxes from 0 to 10 kW/m2, and loop oil concentrations varying from approximately 0.2 
to 6% oil. All tests were run with a test section inlet temperature of 5°C (41°F). 
Data collected from these tests will be presented in this thesis. Void fraction and 
pressure drop measurements will also be compared to models developed for pure 
refrigerants in order to help better understand the effect of oil in refrigeration 
applications. 
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Chapter 1 
Introduction 
In the last few decades, two-phase flow research has shown void fraction to be 
important in modeling pressure drop, heat transfer, system charge, and refrigeration 
system simulation. In order to lubricate the compressor in most refrigeration systems, oil 
is circulated through the system in combination with the refrigerant. Void ~ction, 
pressure drop, and heat transfer for pure refrigerants have been investigated by many 
researchers. Some studies have also been performed on the effect of refrigerant/oil 
mixtures on heat transfer and pressure drop, such as those by Hambraeus (1993), 
Schlager (1988), Ziircher (1998), and Souza (1993). Little work, however, has been 
conducted on oil holdup and void fraction in horizontal tube evaporators using a 
refrigerant/oil mixture. 
This paper presents experimental data obtained using an R134aJPolyol Ester 
(POE) oil combination in smooth and microfin horizontal tube evaporators. In Chapter 2, 
background research on void fraction and pressure drop will be discussed. The 
experimental apparatus and the various measurement procedures used to gather this data 
will be presented in Chapter 3. Oil holdup and void fraction results will be given in 
Chapter 4 and compared to previous research involving pure refrigerant and 
refrigerant/oil mixtures. Chapter 5 contains pressure drop results and comparisons to 
pure refrigerant correlations. Chapter 6 summarizes this study and gives a few final 
remarks as to the direction of future work in this area. 
1 
.... 
2.1 Void Fraction 
Chapter 2 
Literature Review 
Over the last several decades researchers have recognized void fraction as an 
important parameter in modeling pressure drop, heat transfer, system charge and overall 
refrigeration system simulation. These researchers have derived many models to predict 
void fraction. Several of these models were reviewed by Rice (1987) and separated into 
four categories: homogenous, slip-ratio, Lockhart-Martinelli, and mass flux dependent. 
Models from each of these categories will be reviewed here. 
2.1.1 Homogenous 
The simplest model is the homogeneous relation, which assumes that the liquid 
and gaseous phases travel as a homogenous mixture. In this model, the void fraction 
relates to the average quality and the liquid and vapor densities by 
1 (2.1) 
2.1.2 Slip Ratio 
The next five correlations include a slip ratio, S, which is the ratio of the vapor 
velocity to the liquid velocity. They all are of the form 
2 
.... 
1 (2.2) 
The homogenous model is a special case of this where the slip ratio is one because the 
vapor and liquid velocities are assumed to be equal. 
2.1.2.1 Rigot Correlation 
The correlation developed by Rigot (1973) assumes a slip ratio of 
8=2 (2.3) 
2.1.2.2 Zivi Correlation 
The Zivi Correlation assumes that the flow is steady, annular, wall friction is 
J?egligible, and that in a steady state thermodynamic pf0cess the rate of entropy 
production is minimized. Zivi (1964) did not account for liquid entrainment in his model 
but was able to derive the following relation for the slip ratio. 
(2.4) 
Zivi determined that this model gave the lower bound for void fraction while the 
homogeneous model gave the upper bound. Zivi showed that these models approached 
each other as pressure increased, but liquid entrainment would probably have to be 
accounted for in order to interpolate between the two. 
3 
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2.1.2.3 Smith Correlation 
Smith (1969) derived a void fraction model by assuming annular flow, thermal 
equilibrium within the fluid, and liquid and homogeneous mixture phases having the 
same velocity heads (pN?=Pm V m 2) where the homogeneous mixture acts as a single fluid 
with variable density. By defining the variable K as the mass ratio of water flowing in a 
homogenous mixture to the total mass of water flowing (the amount of water entrained in 
the homogeneous mixture), Smith found the slip ratio to be 
1 
_1 +K(~) 2 
Pg x 
S = K + (1- K) ( 1 _ x) 
I+K~ 
PI (2.5) 
Using an entrainment ratio of 40% (K=0.4), the Smith Correlation was found to be 
accurate to within 10% when compared to steam-water and air-water data. 
2.1.2.4 Ahrens-Thom Correlation 
The Ahrens-Thorn Correlation incorporates the property index 1 (P.l I ) and 
property index 2 (P .1.2)' defined as 
Pg 
P.I· l =-
PI 
J.l1 Pg J.l1 ( J 0.2 (JO.2 P.L2 = J.l g • p;- = J.l g • P.L I 
4 
(2.6) 
(2.7) 
.. ' 
Thorn (1964) proposed the following void fraction model based on steam-water 
data. 
yex 
a=---'----
1+xe(y-1) (2.8) 
In this model y is the slip ration and is constant at any given pressure. Ahrens (1983) was 
able to correlate the slip ratio to P .1.2 instead of pressure. Table 2.1 gives the Ahrens-
Thorn Correlation as presented by Rice (1987). 
Table 2.1 Ahrens-Thorn Correlation 
P.L2 S 
0.00116 6.45 
0.0154 2.48 
0.0375 1.92 
0.0878 1.57 
0.187 1.35 
0.466 1.15 
1.0 1 
2.1.2.5 Levy Correlation 
Levy (1960) developed a correlation based on a momentum exchange model that 
assumes that the liquid and gas phases have equal frictional and head losses. 
a(l-2a)+a 
(2.10) 
5 
The Levy Correlation worked well at high pressure and high qualities. In other 
cases it under-predicted void fraction by at least 20%. 
2.1.3 Lockhart-Martinelli 
The next two correlations involve the Lockhart-Martinelli parameter (1949) for 
two-phase flow, which was developed from experimental data for air and various liquids 
such as benzene, kerosene, water, and several oils. The Lockhart-Martinelli parameter 
(Xtt) is defined as 
(2.11 ) 
2.1.3.1 Baroczy Correlation 
Baroczy (1965) developed a void fraction model from liquid-mercury nitrogen 
and air-water data based on Xtt and P.L2. This model was made in tabular form and 
allowed the calculation of the liquid fraction, which is equal to 1 minus the void fraction. 
0.01 0.04 
Table 2.2 Baroczy Correlation 
Xtt 
0.1 0.2 I 0.5 
Liquid Fraction ( I-a) 
3 5 10 30 100 
0.00002 
0.0001 
0.0004 
0.001 
0.004 
0.01 
0.04 
0.0018 
0.0043 
0.0050 
0.0056 
0.0022 
0.0066 
0.0165 
0.0210 
0.0250 
0.0015 
0.0072 
0.0170 
0.0370 
0.0475 
0.0590 
0.0012 0.009 0.068 
0.0054 0.030 0.104 
0.180 0.066 0.142 
0.0345 0.091 0.170 
0.0650 0.134 0.222 
0.0840 0.165 0.262 
0.1050 0.215 0.330 
0.17 0.22 0.30 0.47 0.71 
0.23 0.29 0.38 0.57 0.79 
0.28 0.35 0.45 0.67 0.85 
0.32 0.40 0.50 0.72 0.88 
0.39 0.48 0.58 0.80 0.92 
0.44 0.53 0.63 0.84 0.94 
0.53 0.63 0.72 0.90 0.96 
0.1 0.0058 0.0268 0.0640 0.1170 0.242 0.380 0.60 0.70 0.78 0.92 0.98 
1 0.0060 0.0280 0.0720 0.1400 0.320 .500 0.75 0.85 0.90 0.94 0.99 
6 
2.1.3.2 Wallis and Domanski Correlations 
Wallis (1969) was able to correlate Lockhart-Martinelli' s void fraction data as a 
function of Xtt 
( . X 0.8 )-0.378 a= 1+ tt (2.12) 
Wallis stated that the Lockhart-Martinelli parameter balances frictional shear stress and 
pressure drop. Wallis concluded that as the frictional portion of the pressure drop 
decreases with respect to the other terms, the error would increase. 
Domanski (1983) refined the Wallis correlation to adjust for Xtt greater than 10. 
He proposed the following relation. 
a = 0.823 - 0.157 eln(XI/) 10<Xtt<189 (2.13) 
2.1.4 Mass Flux Dependent 
The next five correlations predict void fraction from mass flux and fluid and pipe 
properties. 
2.1.4.1 Tandon Correlation 
Tandon (1985) developed a void fraction model by assuming the flow to be 
steady, one dimensional, and annular with an axisymmetric liquid annulus and a vapor 
core with no liquid entrainment. By using established correlations for film thickness, 
shear stress and pressure drop, and by assuming that the flow was turbulent in the annulus 
and core, Tandon derived the following correlation for void fraction based on the 
Lockhart-Martinelli parameter and the Reynolds number. 
7 
Re L -0.315 Re L -0.63 
a = 1 - 1.928 F(X ) + 0.9293 2 
tt F(Xtt ) 
for 50<ReL <1125 (2.14) 
ReL-0.088 Re L -0.176 
a = 1- 0.38 F(X ) + 0.0361 2 
tt . F(X tt ) 
(2.15) 
where 
( 1 2.85 J F(X tt ) =.015- Xtt + Xtt 0.476 (2.16) 
GD· Re L = __ 1 
III 
Liquid Reynolds Number (2.17) 
At pressures below 2100 kPa, Tandon found his model to be accurate within 10%. 
Tandon also compared his correlation to Zivi's, Wallis's, and Smith's and concluded that 
his model was more accurate than Zivi's and Wallis's, but just as accurate as Smith's. 
2.1.4.2 Premoli Correlation 
Premoli (1971) developed an empirically formed correlation to predict void 
fraction for two-phase mixtures flowing upward in adiabatic vertical channels. Premoli 
developed the model by comparing slip-ratios and governing parameters and then 
optimized it by minimizing density calculation errors. The slip ratio is defined as 
I 
S = 1 +F,C +~2Y -F2Y)' (2.18) 
( J 0.22 FI = 1.578 _ ReL -0.19 :~ (2.19) 
( J -0.08 F2 = 0.0273 - We L ReL -0.51 :~ (2.20) 
p 
y=-
1- P (2.21 ) 
8 
Liquid Weber Number (2.22) 
(2.23) 
The Liquid Webber Number includes gc, which is the gravitational acceleration (9.81 
mls2), and cr, which is the surface tension of the liquid. Premoli found his correlation to 
be accurate within 5% of experimental data. 
2.1.4.3 Hughmark Correlation 
Hughmark (1962) developed a void fraction correlation based on the work of 
Bankoff (1960) who suggested a model in which the mixture flows as a suspension of 
bubbles in the liquid and the bubble concentration is highest in the center and decreases 
in the radial direction. Bankoffs model works well for steam-water systems, but does 
not work for air-liquid systems. Hughmark developed the following model. 
I ! 
Re a 6 Fr 8 
Z= I 
YL4 
( J2 1 Ox 
Fr = gcDj PPg 
Y L = (x) PI = 1 - P 
1+ ---
1- x Pg 
1 
(2.24) 
(2.25) 
(2.26) 
(2.27) 
9 
Table 2.3 Hughmark Flow Parameter KH as a Function of Z 
Z KH 
1.3 0.185 
1.5 0.225 
2.0 0.325 
3.0 0.49 
4.0 0.605 
5.0 0.675 
6.0 0.72 
8.0 0.767 
10 0.78 
15 0.808 
20 0.83 
40 0.88 
70 0.93 
130 0.98 
(2.28) 
Hughmark correlation is difficult to use because the void fraction must be guessed 
initially. Then all of the parameters (Rea, Fr, yd can be calculated allowing Z to be 
determined. KH is then looked up and the new void fraction calculated. Iteration is used 
until the void fraction converges. 
2.1.4.4 Graham's Condenser Correlation 
Graham (1998) derived a correlation from data collected using R134a and R41 OA 
in a horizontal smooth tube. Tests were performed in condensation while varying the 
mass flux and test section inlet quality. Graham's correlation is based on the Froude Rate 
parameter derived by Hurlburt and Newell (1997). 
10 
ex = 1- exp[ -1- 0.3 eln(Ft) - 0.0328 e (In(Ft))2)] Ft>0.01032 (2.29) 
ex = 0 Ft<0.01032 (2.30) 
(2.31 ) 
Graham found his correlation to be accurate within 10%. 
2.1.4.5 ACRC Void Fraction Model 
Yashar et al. (1999) developed the following void fraction model that incorporates 
the Lockhart-Martinelli parameter, which is essentially a ratio of viscous drag effects to 
the vapor's kinetic energy, and the Froude rate parameter (Eq. 2.31), which is a ratio of 
the vapor's kinetic energy to gravitational drag effects. 
a = (l + 1/ Ft + XII )-0.321 (2.32) 
The correlation was developed using a simple curve fit with a form similar to Wallis' 
(1969) void fraction model, which was based on Xu only. Evaporator conditions can be 
represented well with a Lockhart-Martinelli based correlation, while condenser conditions 
are not modeled well with the Lockhart-Martinelli parameter, but with the Froude rate 
parameter. This correlation combines the two allowing void fraction to be predicted over 
a large range of refrigerant conditions. 
11 
2.2 Pressure Drop in Smooth Tubes 
The following two-phase pressure drop correlations use a ''two-phase multiplier", 
~lo2, to relate the two phase pressure drop, dP/dz)tp to the "liquid only" pressure drop, 
dP/dz)lo. 
The two-phase multiplier relation was initially developed by Lockhart and Martinelli 
(1949) and expressed as 
dP) = ¢ 2(dPJ 
dz Ip 10 dz 10 
(2.33) 
To find the pressure drop assuming liquid only, the friction factor for turbulent pipe flow 
can found from the following relation developed by Blasius (1911) 
0.079 
.ho = R 0.25 
elo 
(2.34) 
where the Reynolds number is calculated from the mass flux, G, the diameter, D, and the 
liquid viscosity Jllo using the following equation 
GD Re =-10 
Plo 
The liquid only pressure drop is then found from 
dP) = 2G 2J;0 
dz 10 PloD 
12 
(2.35) 
(2.36) 
Once the liquid only pressure drop is found, the two-phase multiplier is calculated and the 
two are multiplied to determine the two-phase pressure drop. The following are several 
correlations for the two-phase multiplier. 
2.2.1 Jung and Radermacher Correlation 
Jung and Radermacher (1989) developed the following two-phase mul~iplier from 
a large database of pure and mixed refrigerants. The model accounts for the total pressure 
drop as opposed to just the frictional pressure drop by incorporating the Lockhart-
Martinelli parameter. 
flP. 
,/,2 = ----2!... = 12 82. X-O.147 (1- x) 1.8 
'1"0 IlP. . /I 
'0 
(2.37) 
2.2.2 Souza Correlation 
Souza et al. (1993) developed a correlation using R12 and R134a as test fluids and 
by separating the friction and acceleration pressure drop contributions. This correlation 
takes the flow regime into account by including the Froude number as follows 
rP'o = (1.376 + CIXt~C2 )(1- x) 1.75 . 
For O<Fr, <0.7 
c1 = 4.172 + 5.48Fr, -1.564Fr/ 
c2 = 1.773 - 0.169Fr, 
For Fr, > 0.7 
c1 = 7.242 
c2 = 1.655 
where Frl is the liquid Froude number and is defined as 
13. 
(2.38) 
(2.39) 
(2.40) 
(2.41 ) 
(2.42) 
, .. " 
(2.43) 
2.2.3 Friedel Correlation 
The Friedel Correlation was developed from a database of over 25,000 points and 
was suggested for use by Moser (1998). This correlation is valid for vertical upward and 
horizontal flows in round tubes. The model incorporates the vapor and liquid only 
friction factors, the Froude Numer (Fr), the two-phase density (Ptp), and Weber Number 
(We). The two-phase multiplier is defined as 
where 
2 3.24· A2 (A, = Al + Pi 0045 W'i 0.035 r . e 
( ) 0.91( JO.19( )0.70 A2 = X 078 (1- X)0.24!!.!... f..lv 1- f..l" 
p" f..ll f..ll 
and the Froude Number, two-phase density, and Webber Number are defined as 
X I-x 
P = -+--( )
-1 
Ip p" PI 
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(2.44) 
(2.45) 
(2.46) 
(2.47) 
(2.48) 
(2.49) 
where 0' is the surface tension of the fluid. 
2.3 Pressure Drop in Microfin Tubes 
Pressure drop in microfin tubes is found in much the same way as for smooth 
tubes, using a two-phase multiplier. Two models for microfin tubes will be presented 
here, one which adjusts the friction factor to account for the fins, and one which 
multiplies the pressure drop found using the smooth tube turbulent pipe flow friction 
factor by a penalty factor. 
2.3.1 Cavallini Adjustment 
Cavallini et al. (1999) proposed the following friction factor to be used with the 
single-phase friction factors for microfin tubes. 
~=o 18(~J( 1 J d . d; O.I+cosp 
where h is the height and ~ is the spiral angle of the fins 
[ )]
-2 
. Yct 5.74 ho = 0.0625 IOg(- + ---0.9 3.7 Relo 
(2.50) 
(2.51) 
Cavallini suggested using this friction factor in conjunction with the Friedel Correlation. 
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2.3.2 Penalty Factor 
Christofferson et al. (1993) used an 18° helix tube with a fin height of 0.19 mm to 
investigate the. penalty factor for a variety of refrigerants. The penalty factor is the ratio 
of the microfin tube pressure drop to the pressure drop in a smooth tube at the same 
nominal flow conditions. Newell and Shah (1999) developed a simple relation for the 
penalty factor based on Christofferson, et al. (1993) results that suggests a reduction of 
penalty factor as the refrigerant vapor density to liquid density ratio increases. 
Pv / PI < 0.01 
0.01 < p,. / PI < 0.03 
Pv / PI> 0.03 
(2.52) 
~e microfin pressure drop can be found by multiplying the pressure drop found using a 
smooth tube pressure drop correlation by the penalty factor. 
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Chapter 3 
Experimental Apparatus and Procedure 
3.1 Experimental Apparatus 
The following sections describe various components of the test apparatus 
including the refrigerant loop, the chiller, the test sections, and the instruments and data 
acquisition system. Parameters that must be calculated from measured quantities are also 
detailed here. 
3.1.1 Refrigerant Loop 
The refrigerant loop allows the refrigerant(oil mixture to be circulated through the 
test section at the desired conditions, including mass flux, inlet temperature, and inlet 
quality, by first drawing subcooled liquid into a variable speed gear pump from a 
condenser (see Figure 3.1). A speed control connected to the pump and a series of bypass 
lines are used to control the mass flux. Mass flux is determined using a Micro-Motion(jj: 
Coriolis-type mass flow meter. After leaving the flow meter, the refrigerant/oil mixture 
enters a pre-heater where heat is added to the mixture to achieve the desired inlet quality. 
The pre-heater consists of a serpentine copper tube wrapped with twelve electrical heater 
strips. Four switches allow a constant amount of power to be delivered to ten of the 
heater strips while a 115 volt variac delivers a controlled amount of power to the other 
two strips. The oil/refrigerant mixture then enters the test section. After the test section, 
the mixture flows back into the condenser. A bypass line around the test section allows 
the mixture to circulate even when the test section is closed during a void fraction 
measurement. A chiller system is used to remove heat from the condenser and subcool 
the refrigerant/oil mixture. 
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3.1.2 Chiller 
The chiller used to condense the refrigerant after the test section is comprised of 
two counter-flow heat exchanger loops (see Figure 3.2). The first loop uses a 50/50 mix 
of ethylene glycol and water. Approximately 23 kg of the mix is held in a storage tank 
where the temperature is monitored. The desired "set point temperature" is entered in the 
chiller control board and two pumps cycle on and off in order to keep the glycol mixture 
within 1°C of the desired temperature. 
Heat is extracted from the first loop by a second chiller loop, which uses R502 as 
its coolant. The second loop is a standard refrigeration loop, except that it contains two 
expansion valves, one used for tank temperatures above -18°C and one for tank 
temperatures below -18°C. 
In order to reach the desired steady-state conditions in the test loop, the chiller 
loop must first be turned on and the set point temperature entered to a low value. The 
"false load heater", which provides electrical heating to the ethylene glycol loop, is then 
turned on to allow steady-state conditions to be reached by keeping the chiller from 
cycling on and off. By adjusting the chiller set point temperature and the false-load 
heater power, a 5°C test section inlet temperature can be maintained at a variety of 
refrigerant loop mass fluxes and qualities. 
3.1.3 Test Sections 
Data has been collected using three horizontal tube test sections, including a 
smooth tube test section, an axially grooved test section, and an 18° helically grooved test 
section. All three tubes are copper and have an outside diameter of9.53 mm (3/8"). 
Other tube dimensions are given in Table 3.1 and a diagram of the inside of the 18° 
helically tube, taken from Ponchner (1993), is shown in Figure 3.3. Each test section is 
1.52 m (5 ft) long, and has a shutoff (ball) valve on each end of the tube. A picture of a 
test section is given in Figure 3.4. Outside of the shutoff valves are "spring lock" quick 
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disconnects which are shown in more detail in Figure 3.5. The spring lock connectors are 
the type used by Ford for connecting high pressure hoses in the refrigeration and fuel 
injection systems. Inside of the shutoff valves are two pressure taps located 1.22 m (4 ft) 
apart. A void fraction tap is located next to the left pressure tap. Diagrams of the 
pressure taps and void fraction taps are shown in Figures 3.6 and 3.7 respectively. A 
group of four thermocouples is soldered to the tube every 30.5 cm (12 in). The four 
thermocouples in each group are placed every 90° around the circumference of the tube. 
Five 82-ohm electric heater strips, manufactured by the Minco Company, are Wrapped 
around the tube to allow a uniform heat flux to be applied to the test section. 
Table 3.1 Tube Dimensions 
Tube Helix # of Outside Base Cross Sectional Perimeter Angle Fins Diameter Diameter Area 
Smooth N/A 0 9.53 mm 8.06mm 51.08 mm' 25.34 mm 
Axial 0° 60 9.53 mm 8.93 mm 60.9 mm1 45.26mm 
Helical 18° 60 9.53 mm 8.89mm 60.64 mm1 ~6.85 mm 
3.1.4 Instrumentation 
All temperature measurements are made with type T copper/constantan 
thermocouples. The thermocouples are referenced through a thermistor located on the 
data acquisition multiplexer. The thermocouples have an uncertainty of ± 1°C. 
Three strain-gage type absolute pressure transducers are used to read the pump 
inlet pressure, the preheater inlet pressure, and the test section pressure. The pre-heater 
inlet and test section inlet pressure transducers are manufactured by BEC and have a 
range of 0 to 2100 kPa and an accuracy of±0.75% full scale, while the pump inlet 
transducer is made by Setra and has a range of 0 to 6900 kPa and an accuracy of±0.3% 
full scale. A Sensotec differential pressure transducer, with a range of 0 to 35 kPa and an 
uncertainty of ±0.25% full scale, is used to measure the pressure drop in the test section. 
The mass flow rate is read with a Micro-Motion® model D12 mass flow meter. 
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The mass flow meter outputs a specific current based on the vibrational frequency of a U-
tube that carries the fluid inside the meter. A curve fit is used to determine the mass flow 
rate. The meter has a range of 0 to 0.083 kgls and an accuracy of±O.2% of the meter 
output. 
Three Ohio Semitronic power transducers are used in the refrigerant test loop. A 
PCS-49D292 power transducer is used to measure the heat flux into the test sectio~. The 
power delivered by the switch controlled pre-heater strips is measured using a PCS-
SOD292 power transducer, while the variac controlled pre-heater strips are measured 
using a PCS-lOID transducer. All three transducers have an uncertainty of±0.2% full 
scale reading. 
3.1.5 Data Acquisition 
A Hewlett Packard data acquisition system is used to control, monitor, and log the 
data. The system is comprised of a personal computer, a Hewlett Packard E 1300B 
mainframe, a S.S digit multimeter (EI326B), two 16 channel thermocouple relay 
multiplexers (E1347A), and a 16 channel relay (E134SA). This allows 32 thermocouples 
and 16 instruments to be read simultaneously. All thermocouples and instruments are 
connected to jack panels to allow the test section to be quickly disconnected during data 
collection. 
HP VEE data acquisition software is used in conjunction with the data acquisition 
system to control, monitor, and log the data.· HP VEE is a visual programming language 
that allows the data to be output directly to Microsoft Excel, simplifying data storage and 
reduction. 
3.1.6 Calculated Parameters 
Quantities such as test section heat flux, mass flux, the amount of sub-cooling, 
and the test section inlet quality cannot be measured directly and must be calculated 
within HP VEE. The test section heat flux is determined by dividing the power input to 
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the test section by the surface area of the tube. Mass flux is calculated by dividing the 
mass flow rate by the cross sectional area of the test section. 
The amount of sub-cooling before the pre-heater requires a temperature and 
pressure measurement. First, the corresponding saturation temperature is found from the 
measured pressure and a curve fit. The amount of sub-cooling can then be determined by 
subtracting the measured temperature. 
The test section inlet quality is calculated using the pre-heater inlet temperature 
and pressure and the pre-heater power input. The pre-heater inlet enthalpy is found from 
the temperature and pressure and a curve fit. The test section inlet enthalpy is then found 
by adding the pre-heater inlet enthalpy and the pre-heater power input. Using curve fits 
for the saturated liquid and saturated vapor enthalpies and the test section inlet 
temperature, the test section inlet enthalpy can be compared to the liquid and vapor 
enthalpies to determine the quality. 
3.2 Experimental Procedure 
Procedures for determining the test section volumes, injecting oil into the test 
apparatus, measuring oil concentrations, and calculating void fraction are described in the 
following sections. 
3.2.1 Test Section Volumes 
The volumes of the test sections must be determined before any void fraction or 
oil holdup tests can be performed. In order to measure the volume of a test section, the 
test section must first b~ evacuated and weighed, to find its base mass. The test section is 
then connected to an absolute pressure transducer and the data acquisition system to 
gather temperature and pressure measurements. The volume is determined by charging 
the test section with nitrogen, R134a vapor, or R22 vapor and then weighing the test 
section. This is repeated three times for each gas. By knowing the pressure, temperature, 
and mass of the gas in the test section, the ideal gas law can be used to find the volume. 
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3.2.2 Oil Injection 
In order to achieve a certain loop oil concentration, oil is injected into the loop 
through the test section. The amount of oil necessary to reach the desired oil 
concentration is estimated from the mass of refrigerant needed to charge the system. The 
oil is injected by closing the valves outside the two spring lock connectors on the test 
section. The refrigerant in the test section is then bled out through a Schraeder valve and 
oil is injected into the test section through the valve. The test section is evacuated and the 
two valves outside the spring locks are then opened. Once the valves are open, the chiller 
and pump are turned on to circulate the liquid refrigerant and oil and help dissolve the oil 
in the refrigerant. After the loop has been running for several minutes, the loop is 
brought to test conditions in order to take an oil concentration measurement. Oil 
concentrations vary slightly within the high and low oil levels because the amount of 
refrigerant charge needed to operate at different conditions varies and because refrigerant 
charge decreases every time a void fraction/oil holdup measurement is taken. 
3.2.3 Oil Concentration Measurement 
Before each void fraction data point is taken, the mass flux, test section inlet 
quality, and the test section inlet temperature are brought to test conditions and an oil 
concentration measurement is taken. In order to measure the oil concentration, a 
Swagelok 75 cm3 sample cylinder is evacuated and weighed. It is then cooled to below 
0° C in dry ice/acetone slurry. Once the cylinder is colder than the subcooled liquid in 
the test loop, the cylinder is attached to a tap in between the flow meter and the preheater 
(see Figure 3.1). Approximately 100 grams of sub cooled oil/refrigerant mixture is drawn 
into the sampling cylinder and the cylinder is removed from the loop. After being 
removed the cylinder is heated and then wiped down to remove any frost or condensate. 
The cylinder is then weighed on a digital scale. A dry paper towel is also weighed and 
then secured around the opening of the cylinder. After the paper towel has been secured, 
the valve on the cylinder is opened slightly, allowing the refrigerant to boil off leaving 
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pure oil. When all of the refrigerant has boiled off, the paper towel is removed and 
weighed and the cylinder is once again heated and wiped down. The cylinder is then 
evacuated and weighed. The oil concentration can then be determined by dividing the 
mass of oil left in the cylinder and collected by the paper towel by the refrigerant mass. 
3.2.4 Void Fraction Measurement 
Once the test loop has been brought to the proper conditions and the oil 
concentration sample has been taken, a void fraction measurement is performed. 
Originally, before spring lock connectors were used on the test sections, pure refrigerant 
void fraction measurements were taken by connecting a receiver tank to the test section 
while it was still in the refrigerant loop. The refrigerant was drawn into the receiver tank 
and the tank was weighed to determine the void fraction, as detailed by Wilson (1998). 
When oil was added to the system, it was determined that this technique would not work 
with refrigerant/oil mixtures because the oil could not be drawn into the receiver tank 
with the refrigerant charge. Flushing the test section with refrigerant to remove and 
measure oil holdup was unsuccessful, so spring lock quick disconnects were added so 
that the test section could be easily removed and weighed to determine void fraction and 
oil holdup. The following measurement technique was then developed. First, the valves 
on the two pressure taps are closed. The ball valves on the ends of the test section are 
then shut simultaneously, the valves outside the spring locks are closed, and the bypass 
line is opened to allow the mixture to continue to circulate throughout the test loop. All 
insulation is then removed from the test section and the thermocouples and heater strips 
are disconnected. The refrigerant in the lines outside the spring locks is bled out through 
Schraeder valves, the spring lock quick disconnects are disconnected, and the test section 
is then removed. Before weighing, the test section is wiped down to ensure that there is 
no water condensation on the surface of the test section. The test section is then weighed 
to determine the total charge in the evaporator. A dry paper towel is then weighed and 
secured to the end of the test section. The valve on the end of the test section is then 
opened slightly, allowing the refrigerant to slowly boil off. Once the refrigerant has 
boiled off, the paper towel is removed and weighed for oil. Ttte test section is then 
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evacuated and re-weighed to determine oil holdup. The void fraction can then be 
calculated as follows. The specific volume of the test section (Vts) based on refrigerant 
mass can be determined by: 
v v - Is 
Is ---
mref 
(3.1) 
where V ts is the volume of the test section and mfef is the mass of refrigerant in the test 
section. The specific volume of saturated vapor (vg) and the specific volume of saturated 
liquid (VI) at Tinlet=5° C are found and used to calculate the static quality (xs) in the test 
section. 
V'S -VI 
Xs =-=-~ 
Vg -VI 
Once the static quality is known, the void fraction (a) can be determined from the 
following relation: 
(3.2) 
(3.3) 
This new technique was verified by running void fraction tests using pure R 134a and 
R410A and comparing the results to data gathered by Wilson (1998). 
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Chapter 4 
Void Fraction and Oil Holdup Results 
4.1 Test Matrix 
Void fraction, oil holdup, and pressure drop data have been collected at a variety 
of test loop operating conditions using ICI's EMKARATE® RL32S POE oil in 
combination with R134a. This oil has a viscosity of32 cSt at 400 C. Testing was done at 
low (0.2-0.4%) and high (3-6%) loop oil concentrations. The evaporator test loop was 
operated with mass fluxes ranging from 75 to 500 kglm2s, test section inlet qualities from 
10 to 70%, and test section heat fluxes between 0 and 10 kW/m2• All tests were 
conducted with a test section inlet temperature of 50 C. 
4.2 Void Fraction Results 
Refrigerant void fraction measurements for all three tube types at high and low 
test loop oil concentrations with and without heat flux have been compared to the ACRC 
Void Fraction Model in Figures 4.1 and 4.2. Pure refrigerant properties (densities, 
viscosities, etc.) were used in the model to better see the effect of oil on void fraction. 
The model slightly under predicts the experimental void fraction at low void fractions 
(low qualities), as seen in Figures 4.1 and 4.2. Figure 4.2 shows that there is no 
significant difference in void fraction results between the high and low oil concentration 
data points. This under prediction therefore might not be due to oil effects. Void fraction 
uncertainty analysis (see Section 4.4) was performed and yielded a ±6.3% uncertainty in 
the void fraction measurements and a ± 1 0% uncertainty in the predicted void fraction. 
Oil concentration therefore does not seem to significantly affect refrigerant charge in 
evaporators. 
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4.3 Oil Holdup Results 
The oil holdup results for low and high oil 'concentrations at adiabatic and heat 
flux conditions are presented in Figures 4.3-4.12. At low loop oil concentrations, the oil 
holdup decreases as quality increases (Figures 4.3-4.5). This might be because the oil is 
dissolved in the liquid refrigerant and as quality increases, there is less liquid to carry the 
oil or it might be due to higher oil concentrations in the liquid refrigerant at higher 
qualities, increasing the liquid viscosity. Increas~d viscosity in the liquid refrigerant 
would increase the vapor velocity, which would help blow the oil out of the evaporator. 
The same trend is not necessarily true at higher oil concentrations as shown in Figures 4.6 
and 4.7. The oil holdup appears to dip at mid qualities and then increase at higher 
qualities. One possible explanation for this is that at low qualities the flow is stratified 
and the liquid has trouble wetting the top of the tube, allowing oil to collect there. The 
flow at mid qualities is annular and washes the oil off the tube surfaces. At high qualities 
the flow is still annular but may be more viscous and have a higher oil concentration in 
the liquid refrigerant, leaving a higher oil holdup. It is hard to tell if the dip in oil holdup 
is due to the differing loop oil concentrations between points, as shown in Figure 4.8 
where the data is separated by loop oil concentration. A greater oil holdup at high 
qualities occurs in the high oil concentration heat flux data, as seen in Figure 4.9, but the 
mid quality dip is not as apparent. Overall, the high loop oil concentration does give a 
higher oil holdup than the low loop oil concentration, as in Figure 4.10, while mass flux 
and tube geometry do not seem to significantly affect oil holdup. In Figure 4.9, a high oil 
concentration with heat flux data appears to retain more oil, but might also be due to loop 
oil concentration variance within the data set. Within the low loop oil concentration, the 
differences in oil concentration between different data points do not appear to influence 
the oil holdup, as shown in Figure 4.11, while the oil holdup does increase with 
increasing loop oil concentration, as in Figure 4.12. However, loop oil concentration and 
oil holdup do not appear to have a linear relationship. 
Several studies have been done on the effect of oil on the heat transfer coefficient 
in evaporators. Hambraeus (1993) noticed an increase in the heat transfer coefficient at 
low heat fluxes when low viscosity oils were used. Hambraeus theorized that this might 
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be due to an increase in tube wetting in stratified flows caused by the oil. However, 
Hambraeus found that oil mostly had a negative effect on heat transfer. Zurcher et al. 
(1998) found that at mass fluxes of 100 and 300 kglm2s, oil concentrations between 0.5% 
and 5%, and qualities below 70% the heat transfer coefficient of refrigerant/oil mixtures 
was similar to that of the pure refrigerant. At a mass flux of 200 kglm2s and qualities 
below 70%, however, the heat transfer coefficient was significantly worse than that of the 
pure refrigerant, sometimes as much as 40% lower. All three mass fluxes showed a 
decrease in heat transfer for qualities over 70%, with the 300 kglm2s data havi~g a very 
sharp falloffat about 80% quality. Schlager et al. (1988), however, saw an increase in 
heat transfer in both smooth and micro finned tubes for a low viscosity oil at low oil 
concentrations, and decrease in heat transfer for high viscosity oil at all oil 
concentrations. Schlager's tests were run with an inlet quality of 15% and an outlet 
quality of 85%, therefore the overall heat transfer may have been enhanced, but heat 
transfer at local qualities might be below that of a pure refrigerant. 
Oil holdup in the evaporators does apparently affect heat transfer at certain 
conditions. Overall, it seems that at low mass fluxes and qualities below 70%, a low 
viscosity oil at a low concentration does not significantly decrease heat transfer, and can 
sometimes enhance it. High loop oil concentrations and high viscosity oils always 
decrease heat transfer. In order to properly relate the oil holdup to heat transfer more 
data must be collected in a variety of areas. First, more data is needed to determine how 
heavily the oil holdup dip seen in Figure 4.7 is influenced by the differences in loop oil 
concentrations and mass fluxes. Also, oil holdup data for qualities above 70% are 
needed. From ZUrcher's data, it is apparent that there is an oil related drop off in heat 
transfer at qualities above 70%. Oil holdup appears to increase with quality. Knowing 
how the loop oil concentration, the oil holdup, and the heat transfer are related at the 
point where the heat transfer drops off would shed light on the overall relationship 
between oil holdup and heat transfer. Testing a higher viscosity oil and comparing oil 
retention to that of a lower viscosity oil will also help determine a relationship between 
viscosity and heat transfer. 
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4.4 Void Fraction and Oil Holdup Uncertainty 
The uncertainties for the void fraction and oil holdup data were calculated from 
the bias errors and precision errors associated with all the instruments used and 
measurements made during data collection. Bias error is the systematic error usually 
associated with instrument calibration, data acquisition, and data reduction, while' 
precision error stems from repeatability of the measurement. 
The void fraction bias and precision errors were calculated using the Uncertainty 
Propagation feature in the software "Engineering Equation Solver", or EES, which was 
developed by Klein and Alvarado (1999). Void fraction is calculated from the static 
quality and the specific volumes of the saturated liquid and vapor (see Equation 3.3). 
The errors associated with the static quality and specific volumes must be calculated 
before the void fraction error can be determined. The specific volumes are a function of 
temperature, which was determined to vary by approximately ±O.2So C from So C. This 
yielded an error of approximately ±1.6% in the vapor specific volume and an error ofless 
than ±O.l % in the liquid. The static quality is also based on the specific volumes of the 
liquid and vapor and the specific volume of the refrigerant in the test section (see 
Equation 3.2). In order to calcu'late the error in the static quality, it was necessary to 
calculate the error in the specific volume of the test section, which is based on the volume 
of the test section and the mass of refrigerant in the test section, as in Equation 3.1. The 
test section volume was determined by the ideal gas law. The errors associated with the 
test section volume are therefore dependent on errors in temperature, pressure, and mass 
measurements and again were calculated through EES. The mass measurements have a 
bias error of±O.Olgrams and precision error of±S% yielding a volume bias error of 
approximately ±2.3% and a precision error of ±3%. Using EES again, the static quality 
was found to have an error of ±2.5%. The void fraction was then determined to have a 
bias error of approximately ±2% and a precision error of ±6%. The total void fraction 
error was then calculated by taking the root sum square of the bias and precision errors 
and was found to be approximately ±6.3%. 
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The oil holdup uncertainty was much simpler to calculate. The digital scale used 
to measure the oil holdup had a bias error of±O.Ol grams. All mass measurements 
agreed to within 5%. The oil holdup error ranged from approximately ±5% where there 
was a 3 gram (2g1m) oil holdup to ±25% where the amount of oil in the test section was 
only 0.04 grams (0.026g/m). 
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5.1 Pressure Drop Results 
Chapter 5 
Pressure Drop 
The pressure drop data was compared to several different correlations. Pure 
RI34a viscosities and densities were used in all the correlations in order to see the effect 
of oil on pressure drop. The smooth tube data was compared to the pressure drops 
predicted by the Jung, Souza, and Friedel correlations. For the smooth tube, the liquid 
only pressure drop was found using the turbulent pipe flow friction factor, and the two-
phase pressure drop was found by multiplying the liquid only pressure drop by the two-
phase multiplier. The microfinned tube data was also compared to pressure drops 
predicted by the Jung, Souza, and Friedel correlations. However, these correlations were 
developed for smooth tubes so two different methods were used to account for the effect 
of the fins. One method incorporated using Cavallini's friction factor to find the liquid 
only pressure drop. The other method used the turbulent pipe flow friction factor to find 
the liquid only pressure drop. The liquid only pressure drop was then multiplied by the 
two-phase multiplier, and the resulting two-phase pressure drop was in turn mUltiplied by 
the penalty factor described in Chapter 2. 
The smooth tube pressure drop data and the pure refrigerant pressure drop 
predicted by the Jung correlation are compared in Figure 5.1. The experimental and 
predicted pressure drops were quite similar, with most points over 1 kPa agreeing within 
15%. The Souza and Friedel correlations tended to underpredict the experimental 
pressure drops, as shown in Figures 5.2 and 5.3. At some points the experimental 
pressure drop was as much as 50% greater than that predicted by the relations. 
When used with the Cavallini friction factor the Jung, Souza, and Friedel 
correlations generally underpredicted the axial microfinned tube experimental data, as 
seen in Figures 5.4 through 5.6. For most points over 1 kPa, the experimental pressure 
drops agreed with the pressure drops predicted by the Jung and Friedel correlations 
within 50%. The Souza correlation, however, did not agree that well. Some points had 
an experimental pressure drop twice as large as that predicted by the Souza correlation. 
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When used with the turbulent pipe flow friction factor and the penalty factor, the three 
correlations predicted significantly higher pressure drops than they did with the Cavallini 
friction factor alone, as shown in Figures 5.7 through 5.9. The experimental data agreed 
with the pressure drops predicted by the Jung and Friedel correlations within 30% at most 
points. The Souza relation in combination with the penalty factor still tended to under 
predict the pressure drops but not as much as it did with the Cavallini friction factor. 
Figures 5.10 through 5.12 show the pressure drops predicted for the helical 
micro finned tube by the Jung, Souza, and Friedel models with the Cavallini friction 
factor. Once again, the pressure drops were under predicted by the correlations. At some 
conditions, the experimental pressure drops were over 60% greater than the Jung and 
Friedel correlations predicted and over 100% greater than the Souza correlation 
predicted. When used in combination with the penalty factor, the Jung correlation 
predicted the pressure drops well, agreeing within 30% (see Figure 5.13). The 
experimental pressure drops were still significantly higher than the pressure drops 
predicted by Souza, as shown in Figure 5.14, while the Friedel correlation under 
predicted a number of points, but still agreed within 40% for most of the data (see Figure 
5.15). 
Using the penalty factor in combination with the Jung, Souza, and Friedel 
correlations generally predicted higher pressure drops than the correlations did when used 
in combination with Cavallini's friction factor. The penalty factor was developed using 
one type of tube, an 18° helical tube with a fin height of 0.19 mm. Cavallini' s friction 
factor was developed from a range of tube geometries, and may be more applicable for 
certain types of tubes. Overall, the Jung correlation seems to indicate that the oil might 
not increase pressure drop significantly, while the Souza and Friedel correlations indicate 
that the oil can increase pressure drop substantially, even at low concentrations. ZUrcher 
et al. (1998) found oil to increase pressure drops, especially at high vapor qualities. 
Hambraeus's (1993) pure refrigerant ~d refrigerant/oil mixture data both showed 
significantly higher pressure drops than were predicted by the Friedel correlation. 
Figures 5.16 and 5.17 show the influence of quality and mass flux on pressure 
drop. As mass flux and/or vapor quality is increased, the vapor velocity in the evaporator 
increases yielding a higher pressure drop. Figure 5.16 shows·how the points with the 
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highest mass flux see the largest pressure drops. Within the three different mass fluxes, 
the highest quality points have the largest pressure drops, as seen in Figure 5.17. From 
this figure, it also appears that the pressure drop is higher at high loop oil concentration 
levels than at low loop oil concentration levels. 
5.2 Pressure Drop Uncertainty 
The uncertainties associated with the pre~sure drop data came from the 
differential pressure transducer. The data acquisition system logged pressure drop 
measurements every 5 seconds. The precision errors were found by taking the standard 
deviation of the 10 pressure drop measurements recorded immediately before the void 
fraction measurement was taken. The precision errors were then calculated using the 
following relation 
p = tSx 
xJN (5.1) 
where t is the value from the t distribution with a confidence level of 0.95 and is equal to 
2.262, Sx is the standard deviation of the measurements, and N is the number of 
measurements taken. The bias errors were calculated from the transducer error, which 
was 0.25% of the reading. The total error for each data point was then found by taking 
the root sum squared of the bias and precision errors. Uncertainties ranged from 2% to 
46% for pressure drops over 1 kPa. Errors tended to be larger with greater mass fluxes 
and pressure drops as seen in Figure 5.17. The variation in pressure drop readings, and 
the associated uncertainty should viewed as a variation of the flow field itself, and not a 
random error associated with electrical noise or transducer variation. In general, two-
phase flows are unsteady flows with variable instantaneous pressure drops. 
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Figure 5.12 FriedellCavallini Pressure Drop per Unit Length vs. Helically 
Grooved Tube Experimental Pressure Drop per Unit Length 
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Figure 5.14 SouzalPenalty Pressure Drop per Unit Length vs. Helically 
Grooved Tube Experimental Pressure Drop per Unit Length 
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Figure 5.15 FriedellPenalty Pressure Drop per Unit Length vs. Helically 
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Chapter 6 
Conclusions and Recommendations 
Void fraction, oil holdup, and pressure drop tests have been perfonned using an 
R134alPolyol Ester oil mixture in three horizontal tube evaporators. The results of these 
tests have been -presented in the preceding chapters. Void fraction does not appear to be 
significantly affected by oil, although the ACRC Void Fraction model under predicted 
the void fraction at lower void fractions. This is believed to be due to uncertainties in the 
measurements. Tube geometry, heat flux, and differences in oil concentration level did 
not seem to influence void fraction greatly. 
At low oil concentrations the oil holdup appeared to decrease with increasing 
quality, while at high oil concentrations the oil holdup seemed to dip at mid qualities and 
increase at higher qualities. More data is needed to detennine if this dip is a result of 
differences in loop oil concentrations at different points in the high oil concentration data 
set. Further investigation is also necessary to see how qualities above 70% affect oil 
holdup, especially in the quality ranges where Zurcher et aI. (1998) saw a large drop off 
in the heat transfer coefficient. 
The pressure drops predicted by the Jung correlation were similar to the measured 
pressure drops, while the Souza and Friedel correlations tended to under predict the 
pressure drops. The oil might have increased pressure drops due to increased viscosity, 
however, Hambraeus's (1993) data showed that the Friedel correlation yielded pressure 
drops that were lower than her pure refrigerant data and refrigerant/oil mixture data. 
When the penalty factor was used in combination with the Jung, Souza, and Friedel 
correlations on the microfin tubes, the predicted pressure drops tended to be higher than 
those predicted by the Jung, Souza, and Friedel correlations when used with the Cavallini 
friction factor. Thus, there was closer agreement between the predicted and measured 
pressure drops when the penalty factor was used. 
Future work at the Air Conditioning and Refrigeration Center will include 
gathering more data on refrigerant/oil mixtures in horizontal tube evaporators. Higher 
vapor qualities will be explored using a new test apparatus as described by Tran (2000). 
Testing will also be perfonned on a higher viscosity oil (RL68H), a higher pressure 
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refrigerant (R410A), and a Polyalkylene Glycol oil. Similar research is also planned for 
flat plate evaporators and refrigerant/oil mixtures in horizontal tube condensers. 
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Appendix A 
Length of Test section = 1.52 m 
Table A.I Mass of Refrigerant in Test Section and Oil Holdup Raw Data 
Loop Oil Inlet Heat Average Test Mass of 
Tube G Concentration Quality Flux Qualtiy Section Refrigeran tMass of (kg/m2s) Volume Oil (g) (% by mass) (%) (kW/in2) (%) (m3) (g) 
Smooth 75 0.36 10 0 10 0.0000872 23.38 0.3 
Smooth 75 0.33 70 0 70 0.0000872 6.71 0.26 
Smooth 200 0.26 70 0 70 0.0000872 4.98 0.26 
Smooth 500 0.22 10 0 10 0.0000872 15.41 1.09 
Smooth 500 0.33 30 0 30 0.0000872 7.38 0.53 
Axial 75 0.36 10 0 10 0.000102 36.3 0.54 
Axial 75 0.33 70 0 70 0.000102 8.86 0.05 
Axial 200 0.18 10 0 10 0.000102 25.06 0.36 
Axial 200 0.18 40 0 40 0.000102 14.18 0.12 
Axial 200 0.26 70 0 70 0.000102 7.11 0.22 
Axial 500 0.22 10 0 10 0.000102 27.05 0.42 
Axial 500 0.18 10 0 10 0.000102 25.22 0.31 
Helical 75 0.36 10 0 10 0.000102 33.23 0.39 
Helical 75 0.33 70 0 70 0.000102 9.51 0.25 
Helical 200 0.18 10 0 10 0.000102 30.56 0.26 
Helical 200 0.18 40 0 40 0.000102 14.31 0.37 
Helical 200 0.26 70 0 70 0.000102 7.71 0.44 
Helical 500 0.22 10 0 10 0.000102 31.65 0.4 
Helical· 500 0.18 10 0 10 0.000102 35.16 0.5 
Smooth 75 0.14 10 10 31 0.0000872 16.92 1 
Smooth 75 0.18 70 3 76.3 0.0000872 4.66 0.42 
Smooth 200 0.18 40 10 47.9 0.0000872 7.76 0.51 
Smooth 500 0.14 10 10 13.2 0.0000872 23.94 0.42 
Axial 75 0.14 10 10 42.5 0.000102 15.64 0.84 
Axial 75 0.18 64 3 73.7 0.000102 8.09 0.22 
Axial 200 0.18 40 10 52.2 0.000102 9.29 0.1 
Axial 500 0.14 10 10 14.9 0.000102 27.99 0.38 
Helical 75 0.19 10 10 42.5 0.000102 16.99 0.37 
Helical 75 0.18 65.5 3 75.3 0.0000961 8.98 0.04 
Helical 200 0.18 40 10 52.5 0.0000961 12.24 0.11 
Helical 500 0.14 10 10 14.9 0.0000961 26.56 0.26 
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Table A.I: Mass of Refrigerant in Test Section and Oil Holdup Raw Data (Cont.) 
Loop Oil Inlet Heat Average Test Mass of G Section Masso Tube (kg/m2s) Concentration Quality Flux Qualtiy Volume Refrigeran t Oil (g) (% by mass) (%) (kW/m2) (%) (m3) (g) 
Smooth 75 3.57 10 0 10 0.0000872 23.72 1.31 
Smooth 75 4.42 70 0 70 0.0000872 6.68 1.68 
Smooth 200 2.83 40 0 40 0.0000872 13.03 0.58 
Smooth 500 3.06 10 0 10 0.0000872 15.73 1.33 
Smooth 500 2.87 20 0 20 0.0000872 12.86 . 0.88 
Axial 75 3.57 10 0 10 0.000102 32.62 1.84 
Axial 75 4.42 70 0 70 0.000102 8.19 1.75 
Axial 200 2.83 40 0 40 0.000102 14.06 0.77 
Axial 500 3.06 10 0 10 0.000102 27.48 1.37 
Axial 500 2.87 20 0 20 0.000102 11.33 1 
Helical 75 3.57 10 0 10 0.0000961 29.73 1.96 
Helical 75 4.42 70 0 70 0.0000961 8.16 2.27 
Helical 75 4.42 70 0 70 0.0000961 6.96 1.33 
Helical 200 2.83 40 0 40 0.0000961 11.03 0.99 
Helical 500 3.06 10 0 10 0.0000961 25.51 1.43 
Helical 500 2.87 20 0 20 0.0000961 16.49 1 
Smooth 75 3.57 10 10 33 0.0000872 14.67 1.02 
Smooth 75 4.42 70 3 77.5 0.0000872 5.44 2.24 
Smooth 200 3.57 40 10 48 0.0000872 8.5 1.17 
Smooth 500 3.67 10 10 13.5 0.0000872 17.25 1.39 
Smooth 500 6.05 20 3 22.2 0.0000872 11.36 1.4 
Axial 75 3.57 10 10 42.5 0.000102 15.89 1.64 
Axial 75 4.42 70 3 77.5 0.000102 3.58 3 
Axial 200 6.07 40 10 51.5 0.000102 10.17 1.68 
Axial 500 3.67 10 10 14.9 0.000102 19.8 2.02 
Axial 500 6.05 20 3 20.9 0.000102 14.87 1.47 
Helical 75 3.57 10 10 51.3 0.0000961 16.32 1.27 
Helical 75 4.42 70 3 82 0.0000961 7.36 1.64 
Helical 200 6.07 40 10 51.6 0.0000961 8.9 2.42 
Helical 500 3.67 10 10 13.9 0.0000961 16.91 1.86 
Helical 500 6.05 20 3 22 0.0000961 13.65 2.16 
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Appendix B 
Distance Between Pressure Taps = 1.22 m 
Table B.l Pressure Drop Raw Data 
G Loop Oil Inlet Heat Average Pressure Error Tube ) Concentration Quality Flux (kg/m2s (% by mass) (%) (kW/m2) Qualtiy (%) Drop (kPa) (kPa) 
Smooth 500 0.22 10 0 10 3.60 0.95 
Smooth 500 0.33 30 0 30 11.05 0.32 
Smooth 75 0.33 70 0 70 0.51 0.04 
Smooth 75 0.36 10 0 10 0.07 0.10 
Smooth 200 0.26 70 0 70 4.66 0.08 
Axial 200 0.18 10 0 10 0.63 0.22 
Axial 500 0.18 10 O· 10 4.48 0.60 
Axial 200 0.18 40 0 40 3.31 1.14 
Axial 500 0.22 10 0 10 3.71 1.10 
Axial 75 0.33 70 0 70 0.78 0.03 
Axial 75 0.36 10 0 10 0.08 0.12 
Axial 200 0.26 70 0 70 5.33 0.23 
Helical 200 0.18 10 0 10 0.52 0.24 
Helical 500 0.18 10 0 10 6.58 1.44 
Helical 200 0.18 40 0 40 4.13 0.64 
Helical 500 0.22 10 0 10 4.91 1.30 
Helical 75 0.33 70 0 70 0.80 0.09 
Helical 75 0.36 10 0 10 0.00 0.03 
Helical 200 0.26 70 0 70 5.47 0.11 
Smooth 75 0.14 10 10 31 0.37 0.10 . 
Smooth 500 0.14 10 10 13 4.77 0.84 
Smooth 75 0.18 70 3 76 0.50 0.04 
Smooth 200 0.18 40 10 48 4.01 0.78 
Axial 75 0.14 10 10 43 0.49 0.07 
Axial 500 0.14 10 10 15 7.03 1.83 
Axial 75 0.18 64 3 74 0.84 0.01 
Axial 200 0.18 40 10 52 4.79 0.24 
Helical 500 0.14 10 10 14.9 6.76 0.70 
Helical 75 0.18 64 3 75.3 0.80 0.02 
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Table B.l: Pressure Drop Raw Data (Cont.) 
G Loop Oil Inlet Heat Average Pressure Error Tube ) Concentration Quality Flux (kg/m2s (%) (kW/m2) Qualtiy (%) Drop (kPa) (kPa) (% by mass) 
Helical 200 0.18 40 10 52.5 4.83 0.44 
Helical 75 0.19 10 10 42.5 0.50 0.15 
Smooth 500 3.06 10 0 10 3.95 1.84 
Smooth 200 2.83 40 0 40 3.41 0.37 
Smooth 75 4.42 70 O· 70 0.53 0.05 
Smooth 75 3.57 10 0 10 0.04 0.08 
Axial 500 3.06 10 0 10 5.31 1.91 
Axial 500 2.87 20 0 20 8.35 1.10 
Axial 200 2.83 40 0 40 3.92 0.57 
Axial 75 4.42 70 0 70 0.79 0.07 
Axial 75 3.57 10 0 10 0.11 0.09 
Helical 502 3.06 10 0 10 5.77 2.01 
Helical 500 2.87 20 0 20 8.94 0.66 
Helical 200 2.83 40 0 40 4.09 0.37 
Helical· 75 4.42 70 0 70 0.63 0.08 
Helical 75 4.42 70 0 70 0.67 0.12 
Helical 75 3.57 10 0 10 0.04 0.06 
Smooth 75 4.42 70 3 78 0.80 0.04 
Smooth 75 3.57 10 10 33 0.35 0.18 
Smooth 500 3.67 10 10 13 6.44 1.47 
Smooth 200 3.57 40 10 48 4.51 0.22 
Smooth 500 6.05 20 3 22 9.30 0.64 
Axial 75 4.42 70 3 78 1.01 0.12 
Axial 75 4.42 70 3 78 1.04 0.17 
Axial 75 3.57 10 10 43 0.59 0.11 
Axial 500 3.67 10 10 15 8.45 1.35 
Axial 200 6~07 40 10 51 6.72 0.28 
Axial 500 6.05 20 3 21 8.74 1.14 
Helical 75 4.42 70 3 82 0.76 0.10 
Helical 75 3.57 10 10 51.3 0.72 0.10 
Helical 500 3.67 10 10 13.9 8.86 1.10 
Helical 200 6.07 40 10 51.6 6.95 0.33 
Helical 500 6.05 20 3 22 10.90 0.80 
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